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Abstract 
A full Navier-Stokes solver has been used t o  
model transonic flow over three airfoil sections. 
The method uses a two-dimensional, implicit, con- 
servative finite difference scheme for solving the 
compressible Navier-Stokes equations. Results are 
presented as prescribed for the Viscous Transonic 
Airfoil Workshop to held at the AIAA 25th Aerospace 
Sciences Meeting. 
"Jones" airfoils have been investigated for both 
attached and separated transonic flows. Predic- 
tions for pressure distributions, loads, skin 
friction coefficients, boundary 1 ayer displacement 
thickness and velocity profiles are included and 
compared with experimental data when possible. 
Overall, the results are in good agreement with 
experimental data. 
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Introduction 
In recent years, many computer programs have 
been written that predict the transonic flow prop- 
erties around an airfoil. 
codes is to help in the design of airfoils, such 
as those found on helicopters, propellers, wings, 
and turbomachinery. 
flow field is necessary for performance, acoustic 
and aeroelastic analyses. 
the quantitative ability of these codes, a workshop 
has been organized to compare a variety o f  flow 
solvers. These are all capable of producing air- 
foil solutions over a wide range of flow condi- 
tions, including both attached and separated 
transonic flow. The predictions from individual 
flow solvers are to be presented at the Viscous 
Transonic Airfoil Workshop in coordination with the 
AIAA 25th Aerospace Sciences Meeting. 
will be combined for the Fluid Dynamics Meeting six 
months later. The present study shows results from 
one of the flow solvers to be presented at the 
workshop. An unsteady, two-dimensional, full 
The purpose of these 
Accurate prediction of the 
In order to determine 
The results 
Navier-Stokes s o l v e r  i s  used t o  compute t h e  f low- 
f i e l d  around t h e  th ree  a i r f o i l s  shown i n  F ig .  1. 
The r e q u i r e d  p l o t s  f o r  t he  workshop a re  summarized 
i n  Table 1. Resu l ts  f o r  these t e s t  cases a re  
presented t o  h e l p  determine t h e  q u a n t i t a t i v e  a b i l -  
i t y  of t h e  present  Navier-Stokes so l ve r  by  com- 
p a r i n g  t h e  r e s u l t s  w i th  exper imental  data.  
Numerical Procedure 
The program addresses t h e  two-dimensional f l o w  
problem by  s o l v i n g  the  unsteady, two-dimensional, 
Reynol ds-averaged, compressible Navier-Stokes 
equat ions on a body- f i t ted  coord ina te  system i n  
s t r o n g  conserva t ion  f o r m  us ing  an AD1 procedure. 
The f o r m u l a t i o n  has been descr ibed i n  Ref. 1, and 
o n l y  a b r i e f  o u t l i n e  i s  g iven  here. A l l  o f  t h e  
c a l c u l a t i o n s  were performed i n  a body - f i t t ed  coor-  
d i n a t e  system (~,II,T) which i s  l i n k e d  t o  t h e  
Car tes ian  coord ina tes  according t o  t h e  f o l l o w i n g  
one-to-one re la t i onsh ips :  
5 = 5(X,Y,t) 
n = rl(X,Y,t) 
T = t  
The Jacobian o f  t h e  t rans format ion  i s  g iven  by 
1 
= V y  - ,cy = (x5y, - x,y5) 
and t h e  m e t r i c s  o f  the  t rans format ion  are  g i ven  by 
t h e  r e l a t i o n s h i p :  
( 3 )  
Standard c e n t r a l  d i f fe rences  were used t o  compute 
t h e  q u a n t i t i e s  such as 
these q u a n t i t i e s  i n  tu rn  were used i n  Eqs. ( 2 )  and 
( 3 )  t o  compute gx, sy, e t c .  A t  t he  
boundaries, th ree-po in t  one-sided d i f f e r e n c e s  were 
used t o  compute t h e  metr ics.  The f a r  f i e l d  bound- 
a r i e s  a re  assumed t o  be undisturbed; except a t  t h e  
downstream boundary, where t h e  v e l o c i t i e s  (u,v) 
and t h e  en t ropy  a r e  ex t rapo la ted  f rom t h e  i n t e r i o r .  
I n  t h i s  coord ina te  system, t h e  two-dimensional 
unsteady Navier-Stokes equat ions may be w r i t t e n  as 
f o l  1 ows : 
x 5 ,  yF; etc., and 
n n n n  4, + Fg + G, = Rg + S, ( 4 )  
where 
ti = J+P, Pu, Pv, e) (5)  
and p i s  t h e  f l u i d  densi ty;  u and v a re  t h e  
Car tes ian  components o f  f l u i d  ve loc i t y ;  e i s  t h e  
t o t a l  energyAofnthp f l u i d  e r  u n i t  volume. The 
q u a n t i t i e s  F, G, R ,  and ! are g iven by: 
The terms F, R, e tc .  a re  t h e  standard f l u x  
a re  l i k e w i s e  t h e  f l u x  and viscous terms a long 
An eddy v i s c o s i t y  concept i s  used t o  model t h e  
The e n t i r e  
and viscous s t r e s s  terms along t h e  x -d i rec t ion ,  i n  
t h e  o r i g i n a l  Car tes ian  form. The terms G and 
S 
t h e  y -d i rec t i on .  
t u r b u l e n t  momentum and energy t r a n s f e r .  
f l o w  f i e l d  i s  assumed t o  be t u r b u l e n t .  
Since Eqs. ( 4 )  and ( 5 )  a re  coupled t o  each 
o ther ,  and a re  h i g h l y  non l inear ,  a s tab le ,  e f f i -  
c i e n t  s o l u t i o n  procedure i s  requ i red .  
p resent  work t h e  Beam- arming a l g ~ r i t h m , ~  as
changes made t o  t h e  a r t i f i c a l  d i s s i p a t i o n  terms t o  
avo id  shock overshoots, and t o  avo id  excessive 
smearing o f  embedded vo r t i ces .  The viscous terms 
were lagged by  one t i m e  step, w h i l e  o t h e r  terms i n  
t h e  governing equat ions were t r e a t e d  i m p l i c i t y ,  a t  
t h e  c u r r e n t  t ime  l e v e l .  The non l i nea r  terms a re  
s p l i t ,  w i t h  p a r t s  t r e a t e d  e i t h e r  i m p l i c i t l y  o r  
lagged i n  t ime. The d e t a i l s  o f  t h e  d i s c r e t i z a t i o n  
procedure, t h e  a r t i f i c a l  d i s s i p a t i o n  terms used and 
severa l  benchmark c a l c u l a t i o n s  a r e  presented i n  
Ref. 1. 
Sankar and Tang1 has been rep laced w i t h  t h e  GRAPE 
code (GRids about A i r f o i l s  us ing  Po isson ’s  Equa- 
t i o n s )  developed by Sorenson.2 
Navier-Stokes s o l v e r  g rea te r  f l e x i b i l i t y  t o  inves- 
t i g a t e  t h e  e f f e c t s  o f  g r i d  changes, as requ i red  by  
t h e  workshop. For  most cases, a 157 by  58 C-grid 
i s  used w i t h  60 nodes d e f i n i n g  t h e  wake. 
leaves 97 nodes wrapped around t h e  upper and lower 
surfaces. The d i s tance  o f f  t h e  a i r f o i l  sur face  t o  
t h e  f i r s t  g r i d  l i n e  i s  0.00005 chordlengths.  The 
GRAPE code a l l ows  t h e  user t o  vary  t h e  c l u s t e r i n g  
of  t h e  g r i d  l i n e s  near t h e  a i r f o i l  surface. A 
t y p i c a l  base g r i d  used i n  t h i s  s tudy  i s  shown i n  
F ig .  2. 
A l l  runs  were done on t h e  CRAY-XMP a t  t h e  NASA 
Lewis Research Center. The number o f  i t e r a t i o n s  
requ i red  f o r  convergence range between 1500 and 
5000, depending on t h e  f l o w  cond i t i ons .  
p e c t i v e  vec to r i zed  CPU t imes were 519 and 1730 sec. 
The c a l c u l a t i o n s  cont inue u n t i l  t h e  s p a t i a l -  
maximum d e n s i t y  r e s i d u a l  drops by  f o u r  o rders  o f  
magnitude f rom t h e  i n i t i a l  cond i t i on .  The s o l v e r  
has been vec to r i zed  so t h a t  t h e  r a t i o  o f  sca la r  
CPU t ime  t o  vec to r i zed  CPU t ime  i s  about 2.68. The 
t o t a l  c a l c u l a t i o n  t i m e  i s  approx imate ly  3 . 8 ~ 1 0 - ~  
sec Per p o i n t  pe r  i t e r a t i o n .  The maximum memory 
requ i red  i s  960 kwords us ing  a 157 by  58 g r i d .  
I n  t h e  
implemented by  Steger, 1 was fo l l owed  w i t h  some 
The o r i g i n a l  a lgeb ra i c  g r i d  generator used by 
Th is  q i ves  t h e  
T h i s  
The res -  
2 
Resu l ts  
Case A: NACA 0012 A i r f o i l  
A s tudy  of t h e  g r i d  i s  necessary t o  determine 
t h e  s e n s i t i v i t y  o f  t h e  p r e d i c t i o n s  t o  va r ia t i ons  
i n  t h e  g r i d .  
re f inement  and boundary p o s i t i o n  comparisons. 
De f ine  a g r i d  re f inement  parameter, DEL, t o  be the 
i nve rse  of t h e  number o f  upper sur face  g r i d  points. 
For  t h e  157 by 58 base g r id ,  t h e  value o f  DEL i s  
0.021. A v a r i a t i o n  i n  DEL represents  a propor- 
t i o n a l  change i n  t h e  g r i d  s i z e  f rom t h e  base gr id .  
The o u t e r  boundary p o s i t i o n  remains f i x e d  a t  s i x  
chord lengths .  (Th is  r a t i o  i s  e q u a l l y  enforced i n  
t h e  wake reg ion . )  Figures 3 and 4 show l i f t  and 
drag  p r e d i c t i o n s  as a f u n c t i o n  o f e  DEL f o r  t h e  
t e s t  case: MINF = 0.70, a = 1.49 and RE = 9.0 
m i l l i o n .  The asymptot ic behavior f o r  loads as DEL 
becomes smal l  suggests t h a t  t h e  157 by 58 base g r i d  
g i ves  reasonable p red ic t i ons .  
Next, t h e  ou ter  boundary p o s i t i o n  (R) was 
va r ied  f rom 2 t o  20 chordlengths away from t h e  
l ead ing  edge us ing  a 157 by  58 g r i d .  
6 j u s t i f y  t h e  base g r i d  r e s u l t s  f o r  l i f t  and drag 
p r e d i c t i o n s .  When R equals 15 and 20, t h e  q r i d  
spacing near t h e  a i r f o i l  sur face  increases s ign i -  
f i c a n t l y .  Th is  exp la ins  t h e  nonasymptotic behavior 
o f  t h e  drag  p r e d i c t i o n s  i n  Fig. 6 as R increases. 
The present  r e s u l t s  i nc lude  bo th  g r i d  
F igures  5 and 
The d i s tance  o f  t h e  f i r s t  g r i d  l i n e  o f f  the 
a i r f o i l  sur face  (An) must be c a r e f u l l y  chosen t o  
p r o p e r l y  model t h e  boundary l aye r .  F igu re  7 shows 
how t h i s  parameter can e f f e c t  t h e  pressure d i s t r i -  
bu t i ons  f o r  t h r e e  values o f  An: 0.00002, 
0.00005, and 0.0005. When An = 0.0005, t h e  
shock i s  smeared and t h e  magnitude o f  pressure i s  
h ighe r  a f t  o f  t h e  shock. 
appears t o  g i v e  s a t i s f a c t o r y  p r e d i c t i o n s  and i s  
used i n  t h e  base g r id .  The base g r i d  (157 by 58, 
R = 6 chords, An = 0.00005 chords) i s  now def ined 
f o r  t h e  NACA 0012 a i r f o i l  and w i l l  be used f o r  the 
remainder o f  t h e  t e s t  cases. 
A value o f  An = 0.00005 
F igures  8 through 10 show pressure d i s t r i b u -  
t i o n s  over t h e  NACA 0012 a i r f o i l  f o r  severa l  ranges 
o f  v e l o c i t y  and angle o f  a t tack .  Resu l ts  f o r  two 
values o f  angle o f  a t tack  a re  g l o t t e d  along w i th  
exper imental  da ta  f rom Har r i s .  The h ighe r  angle 
corresponds t o  t h e  value used i n  t h e  experiment, 
where t h e  lower angle i s  co r rec ted  f o r  wind tunnel 
w a l l  i n te r fe rence  (as suggested i n  Ref. 3). 
Resu l t s  show t h a t  wind tunne l  w a l l  i n te r fe rence  can 
s i g n i f i c a n t l y  change t h e  behavior o f  t h e  pressure 
d i s t r i b u t i o n s .  The cor rec ted  angle o f  a t tack  tends 
t o  g i v e  b e t t e r  agreement w i t h  experiment. 
o v e r a l l  agreement i s  very good f o r  t e s t  cases i n  
F igs .  8 and 9. I n  the  case o f  a s t rong  shock, the  
p r e d i c t e d  shock l o c a t i o n  i s  about 0.10 chordlenqths 
a f t  o f  t h e  exper imenta l l y  determined shock l oca t i on  
(see F ig .  10). The f l o w  so l ve r  r e q u i r e s  as input 
a va lue  f o r  t h e  a r t i f i c i a l  (numer ica l )  damping. 
I t  i s  impor tan t  t o  minimize t h i s  value i n  order t o  
p r o p e r l y  model t h e  Navier-Stokes equat ions.  
t h e  t e s t  case i n  F ig .  10, h ighe r  numerical  damping 
tends  t o  Take t h e  p red ic ted  shock l o c a t i o n  appear 
t o  be  c l o s e r  t o  t h e  exper imental  shock loca t ion .  
H ighe r  numerical  damping a l so  r e s u l t s  i n  more shock 
smearing . 
Fig .  11 f o r  
The 
F o r  
A p l o t  o f  CL versus a (a )  i s  presented i n  
Minf = 0.70 and RE = 9.0 m i l l i o n .  
The p r e d i c t i o n s  a r e  good f o r  f l o w  c o n d i t i o n s  where 
exper imental  da ta  e x i s t s .  A v a r i a b l e  t i m e  s t e p , i s  
used i n  s teady-s ta te  s o l u t i o n s  t o  decrease t h e  
convergence t ime. However, when unsteady f l o w  
e x i s t s ,  a t i m e  accura te  s o l u t i o n  i s  requ i red .  Two 
t ime  accura te  p r e d i c t i o n s  a re  i nc luded  i n  F ig .  11 
f o r  a equal t o  5.86 and 6.5". Unsteady f l o w  due 
t o  separa t i on  i s  expected a t  these angles, b u t  
p r e d i c t i o n s  between t h e  v a r i a b l e  t i m e  s tep  and t i m e  
accurate cases appear t o  be n e a r l y  i d e n t i c a l .  
P l o t s  o f  CL versus CD and CD versus M in f  a re  
shown i n  Figs.  12 and 13. The o v e r a l l  agreement 
w i th  experiment i s  good. 
a f t  as t 2 e  f ree-stream Mach number increases 
( a  = 0.0 , RE = 9.0 m i l l i o n ) .  
CLmax versus Minf a re  presented i n  Fig. 15. A l l  
r uns  used t o  determine CLmax were t i m e  accura te  
w i t h  increments f o r  a o f  0.5'. The magnitude o f  
t h e  p r e d i c t i o n  f o r  CLmax i s  expected t o  be some- 
what i naccu ra te  due t o  t h i s  d i s c r e t i z a t i o n  of a. 
F igu re  16 shows how t h e  s lope o f  t h e  l i n e a r  p o r t i o n  
o f  CL versus a i s  p r e d i c t e d  t o  change w i th  
M in f .  
F i g u r e  14 shows how t h e  shock l o c a t i o n  moves 
P r e d i c t i o n s  f o r  
Case B :  RAE 2822 A i r f o i l  
Resu l t s  from two t e s t  cases a re  presented f o r  
t h e  RAE 2822 a i r f o i l  and compared w i t h  exper imental  
da ta  from Cook, McDonald and F i r ~ n a n . ~  The e f f e c t  
of t h e  wind tunne l  i n t e r f e r e n c e  i s  n o t  e a s i l y  
determined. Hence, a range o f  f l o w  cond i t i ons  were 
t r i e d  t o  match t h e  pressure d i s t r i b u t i o n s .  A 
"matched" p ressure  d i s t r i b u t i o n  i s  t h e  bes t  agree- 
ment o f  t h e  p r e d i c t i o n s  w i t h  t h e  exper imental  da ta  
t h a t  can be found by  ad jus t i ng  t h e  Mach number and 
t h e  angle of a t tack .  I n  cases where a s t rong  shock 
ex i s t s ,  a good "matched" p ressure  d i s t r i b u t i o n  i s  
d i f f i c u l t  and o n l y  an o v e r a l l  agreement can be 
est imated. The exper imental  p ressure  d i s t r i b u t i o n s  
a r e  shown i n  Fig.  17 f o r  M in f  = 0.725, a = 2.92' 
and RE = 6.5 m i l l i o n .  P r e d i c t i o n s  f o r  
M in f  = 0.73 and a = 2.79' a re  p l o t t e d  f rom t h e  
f l o w  s o l v e r  us ing  a 157 by  58 base g r i d  s i m i l i a r  
t o  t h e  base g r i d  used i n  t h e  NACA 0012 a i r f o i l  
ana lys is .  (The conc lus ions  f rom t h e  g r i d  s tudy  
done f o r  t h e  NACA 0012 a i r f o i l  were assumed t o  be 
t h e  same f o r  bo th  t h e  RAE 2822 and Jones a i r f o i l s ) .  
The agreement i s  very good f o r  most reg ions  on t h e  
a i r f o i l .  The expansion near t h e  l ead ing  edge on 
t h e  upper su r face  shown i n  t h e  exper imental  da ta  
i s  p robab ly  due t o  t h e  t r a n s i t i o n  l o c a t i o n  be ing  
f i x e d  a t  x / c  = 0.03. Th is  i s  n o t  modeled i n  t h e  
f l o w  s o l v e r  s ince  t h e  e n t i r e  f l o w  f i e l d  i s  assumed 
t o  be tu rbu len t .  
c o e f f i c i e n t s  f rom t h e  experiment a r e  r e s p e c t i v e l y  
0.7433 and 0.0127, which correspond t o  0.7423 and 
0.0134 f rom t h e  Navier-Stokes code. 
The i n t e g r a t e d  l i f t  and drag 
The c a l c u l a t i o n  o f  d isplacement th ickness, 
DSTAR, i s  no t  s t r a i g h t  forward. The d e f i n i t i o n  o f  
edge ve loc i t y ,  Ue, i s  n o t  as w e l l  de f i ned  f o r  an 
a i r f o i l  as i t  i s  f o r  a f l a t  p l a t e .  Separated f l o w  
and cu rva tu re  f rom t h e  i n v i s c i d  v e l o c i t y  v a r i a t i o n  
f u r t h e r  compl ica tes  t h e  computation. 
p resent  ana lys is ,  t h e  edge v e l o c i t y  used t o  c a l -  
c u l a t e  DSTAR i s  t h e  f i r s t  maximum t o t a l  v e l o c i t y  
away f rom t h e  a i r f o i l  surface. The boundary l a y e r  
i s  t h e  a rc leng th  o f  t h e  g r i d  l i n e  measured f rom t h e  
a i r f o i l  sur face  t o  t h e  node i d e n t i f i e d  as hav ing  
the  v e l o c i t y ,  Ue. F igu re  18 shows t h e  p r e d i c t e d  
DSTAR a long t h e  upper sur face  o f  t h e  c u r r e n t  t e s t  
case. The boundary l a y e r  becomes t h i c k e r  a f t  o f  
For  t h e  
3 
t h e  shock, as expected. The s k i n  f r i c t i o n  c o e f f i -  
c i e n t  decreases a long the upper surfaces, as shown 
i n  F ig .  19. V e l o c i t y  p r o f i l e s  a re  shown f o r  two 
l o c a t i o n s  on t h e  upper surface: x l c  = 0.319 and 
x l c  = 0.956. The magnitudes o f  t h e  v e l o c i t i e s  used 
t o  c a l c u l a t e  UlUinf are taken f rom t h e  component 
o f  v e l o c i t y  i n  t h e  free-stream d i r e c t i o n .  The 
r e s u l t s  a re  presented i n  Figs.  20 and 21. 
The second t e s t  case f o r  t h e  RAE 2822 a i r f o i l  
corresponds t o  t h e  fo l l ow ing  exper imental  f l o w  
cond i t i ons :  
RE = 6.2 m i l l i o n .  The "matched" c o n d i t i o n s  
s e l e c t e d * f o r  t h e  f l o w  so lver  are: 
a = 3.03 . A comparison o f  t h e  pressure  d i s t r i b u -  
t i o n s  i s  shown i n  F ig .  22. Again, minor  d isc rep-  
ancies e x i s t  f o r  t h e  upper sur face  pressure  near 
t h e  l ead ing  edge. The shock l o c a t i o n  i s  p red ic ted  
s l i g h t l y  a f t  o f  t h e  experiment. Reca l l  t h a t  t h i s  
t r e n d  was a l s o  observed f o r  NACA 0012 a i r f o i l  f o r  
t h e  t e s t  case w i t h  a strong shock (see F ig .  10). 
The f l ow  beh ind  a strong shock i s  unsteady due t o  
separat ion,  which chal lenges t h e  tu rbu lence model 
t o  p r o p e r l y  es t ima te  the eddy v i s c o s i t y .  Coakley7 
has shown how impor tan t  t h e  tu rbu lence model can 
be f o r  t h i s  t e s t  case. He found t h a t  p r e d i c t i o n s  
us ing  t h e  Baldwin-Lornax model (used i n  t h e  present 
so l ve r )  causes t h e  shock t o  be l oca ted  a f t  o f  
experiment, w h i l e  p red ic t i ons  us ing  o the r  t u r b u l -  
ence models improve the agreement. 
The displacement th ickness o f  t h e  boundary 
l a y e r  on t h e  upper surface i s  shown i n  F ig .  23. 
Agreement between ana lys is  and experiment i s  good 
i n  t h e  r e g i o n  fo rward  o f  t h e  shock. 
shows t h e  corresponding s k i n  f r i c t i o n  c o e f f i c i e n t  
d i s t r i b u t i o n .  
near t h e  shock and near t h e  t r a i l i n g  edge. 
V e l o c i t y  p r o f i l e s  a t  x /c  = 0.75 and x / c  = 0.897 
a r e  presented i n  F igs .  25 and 26. 
appears t o  show attached f low,  b u t  t h e  sca le  
chosen f o r  t h e  p l o t s  does n o t  show t h a t  t h e  f l o w  
i s  p red ic ted  t o  be separated very  c l o s e  t o  t h e  
a i r f o i l  surface. The separat ion reg ions  near t h e  
a i r f o i l  sur face  a re  shown bes t  i n  t h e  s k i n  f r i c -  
t i o n  c o e f f i c i e n t  d i s t r i b u t i o n .  The son ic  l i n e  
p r e d i c t i o n  i s  shown i f  Fig. 27 as a d o t t e d  l i n e .  
M I N F  = 0.75, a = 3.19" and 
Minf = 0.755 and 
F igu re  24 
Two separated reg ions  a re  p r e d i c t e d  
The p r e d i c t i o n s  
Case C:  Jones A i r f o i l  
The l a s t  a i r f o i l  i nves t i ga ted  i n  t h i s  s tudy  
i s  t h e  Jones "superc r i t i ca l - t ype"  a i r f o i l ,  devel-  
oped by  R.T. Jones o f  the NASA Ames Research 
Center. Th i s  a i r f o i l  was se lec ted  f o r  t h e  Viscous 
Transonic A i r f o i l  Workshop because i t  has n o t  been 
w ide ly  t e s t e d  e i t h e r  numer ica l l y  o r  exper imen ta l l y  
and serves as a good "b l i nd "  c a l c u l a t i o n  f o r  f l o w  
so l  vers. 
P r e d i c t i o n s  f o r  CL versus a and CL 
versus CD a re  shown i n  Figs.  28 and 29. The 
l i f t  curve  s lope begins t o  drop, b u t  never drops 
enough t o  g i v e  a good CLmax p r e d i c t i o n .  The 
s o l u t i o n  r e s i d u a l s  become o s c i l l a t o r y  a t  h ighe r  
angles o f  a t tack ,  which u s u a l l y  i n d i c a t e s  unsteady 
f low. Time accura te  Solut ions were t r i e d  f o r  
a = 6.5" and a = 7.0 . A s l i g h t  drop i n  t h e  l i f t  
c o e f f i c i e n t s  i s  observed, as shown i n  Fig.  28. A 
p l o t  o f  p red ic ted  C! versus M in f  i s  shown i n  
F ig .  30 f o r  a = 0.0 . 
A s u p e r c r i t i c a l  t es t  case was r u n  f o r  
M i n f  = 0.75, a = 2.0" and RE = 9.0 m i l l i o n .  
p ressure  d i s t r i b u t i o n s  i n  F ig .  31 shows a s t rong  
The 
shock p r e d i c t e d  on t h e  upper sur face  near t h e  
fo r ty -percent  chord l oca t i on .  The boundary l a y e r  
th i ckens  near t h e  shock, as shown i n  F ig .  32. The 
sudden r i s e  i n  t h e  displacement th ickness  near t h e  
t r a i l i n g  edge i s  due t o  t h e  r a p i d  change i n  t h e  
edge v e l o c i t y  l o c a t i o n  i n  t h e  chordwise d i r e c t i o n .  
The method f o r  c a l c u l a t i n g  displacement th ickness  
uses t h e  f i r s t  maximum t o t a l  v e l o c i t y  o f f  t h e  a i r -  
f o i l  surface. 
complicated, as i t  i s  near t h e  t r a i l i n g  edge, t h e  
v e l o c i t y  i s  n o t  e a s i l y  determined. 
do t ted  i n  t h i s  r e g i o n  t o  represent  t h e  u n c e r t a i n t y  
of t h e  DSTAR c a l c u l a t i o n .  Sk in  f r i c t i o n  c o e f f i -  
c i e n t s  and v e l o c i t y  p r o f i l e s  a t  x l c  = 0.613 and 
x l c  = 0.897 a re  presented i n  Figs.  33 through 35. 
Resu l ts  a re  a l s o  presented f o r  a separated, 
s u p e r c r i t i c a l  case (M in f  = 0.85, a = 2.0') and 
sumnarized i n  Figs.  36 through 40. I n  t h i s  case, 
shocks a re  p r e d i c t e d  on bo th  t h e  upper and lower 
surfaces. Separa t ion  occurs f rom about x l c  = 0.80 
t o  t h e  t r a i l i n g  edge on t h e  upper surface. Again, 
t h e  displacement th ickness  c a l c u l a t i o n s  i n  t h i s  
r e g i o n  a re  n o t  w e l l  def ined. 
I f  t h e  v e l o c i t y  p r o f i l e  i s  very  
The p l o t  i s  
Conclusion 
A f u l l  Navier-Stokes f l o w  s o l v e r  has been 
eva lua ted  f o r  model ing t ranson ic  f l o w  over t h e  
NACA 0012, RAE 2822 and Jones a i r f o i l  sec t ions .  A 
157 by 58 C-grid, w i t h  an average ou te r  boundary 
d i s tance  o f  s i x  chords appears t o  be adequate f o r  
most f l o w  cond i t i ons .  
mental da ta  have been shown f o r  bo th  t h e  NACA 0012 
and RAE 2822 a i r f o i l s .  I n  cases w i t h  s t rong  shocks 
and separated f low,  t h e  p r e d i c t e d  shock l o c a t i o n s  
a r e  found t o  be a f t  of t h e  exper imen ta l l y  de ter -  
mined loca t i ons .  Separat ion near t h e  shock and t h e  
t r a i l i n g  edge i s  a l s o  p red ic ted  f o r  these cases. 
Resu l ts  f o r  l i f t  c o e f f i c i e n t  versus a p r e d i c t  a 
l o s s  i n  l i f t  a t  h ighe r  angles o f  a t tack  and r e q u i r e  
a t ime-accurate s o l u t i o n  when t h e  f l ow  i s  unsteady. 
Wind tunne l  i n te r fe rence  c o r r e c t i o n s  show improved 
agreement between t h e  p red ic ted  and exper imental  
p ressure  d i s t r i b u t i o n s .  
i n  good agreement w i t h  exper imental  data.  
Comparisons w i th  exper i -  
Overa l l ,  t h e  r e s u l t s  a re  
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TABLE 1. - TEST CASES SPECIFIED BY THE VISCOUS 
TRANSONIC AIRFOIL WORKSHOP 
NACA 0012 a i r f o i l  (RE = 9.0 m i l l i o n )  
CP versus  x l c  M i n f  = 0.70, a = 1.86; 
C P  ve rsus  x l c  M i n f  = 0.55, a = 9.86 
CP versus  x l c  M i n f  = 0.799, a = 2.86 
CL ve rsus  a M i n f  = 0.70, a = 1,3,5,6,700 
CL ve rsus  CD Minf = 0.70, a =0,1,3,5,6,7 
C D  ve rsus  M in f  
CL ve rsus  DEL M i n f  = 0.70, a = 1.86- 
C D  ve rsus  DEL M i n f  = 0.70, a = 1.860 
CL ve rsus  R M i n f  = 0.70, a = 1.860 
C D  ve rsus  R M i n f  = 0.70, a = 1.86 
XS versus  M i n f  a = 0, Minf = 0.8 t o  1.1 
CLmax ve rsus  M i n f  M i n f  = 0.3,0.5,0.6,0.7,0.8 
DCL/DA ve rsus  M i n f  a = 0, M i n f  = 0.5 t o  1.1 
a = 0, M in f  = 0.5 t o  i.1 
RAE 2822 A i r f o i l  
CP ve rsus  x l c  M i n f  = 0.725, a = 2.92O 
DSTARlc ve rsus  x l c  upper  s u r f a c e  
CF ve rsus  x l c  upper  s u r f a c e  
y / c  ve rsus  U / U i n f  x / c  = 0.319, upper  s u r f a c e  
y l c  ve rsus  U l U i n f  x l c  = 0.95, upper  s u r f a c e  
CP ve rsus  x l c  M i n f  = 0.75, a = 3.19 , 
DSTARlc ve rsus  x l c  upper  s u r f a c e  
CF versus  x l c  upper  s u r f a c e  
y l c  ve rsus  U l U i n f  x l c  = 0.75, upper  s u r f a c e  
y l c  ve rsus  U l U i n f  x l c  = 0.90, upper  s u r f a c e  
Son ic  l i n e  
R E  = 6.5 m i l l i o n .  
RE = 6.2 m i l l i o n  
Jones a i r f o i l  (RE = 9.0 m i l l i o n )  
CL ve rsus  a M i n f  = 0.7, a = 0,1,3,5,6,71 
CL ve rsus  CD M i n f  = 0.7, a = 0,1,3,5,6,7 
CD versus  M i n f  a = 0, Minf = 0.5 t o o l . l  
CP ve rsus  x l c  M i n f  = 0.75, a = 2.0 
DSTARlc ve rsus  x l c  upper  s u r f a c e  
CF ve rsus  x l c  upper  s u r f a c e  
y l c  ve rsus  U / U i n f  x l c  = 0.6, upper  s u r f a c e  
y l c  ve rsus  U l U i n f  x l c  = 0.9, upper  s u r f a c e  
CP ve rsus  x l c  M i n f  = 0.85, a = 2.0 
DSTARlc ve rsus  x / c  upper  s u r f a c e  
CF ve rsus  x l c  upper  s u r f a c e  
y l c  ve rsus  U l U i n f  x l c  = 0.6, upper  s u r f a c e  
y l c  ve rsus  UlUinf x / c  = 0.9, upper  s u r f a c e  
NACA 0012 AIRFOIL 
RAE 2822 AIRFOIL 
JONES AIRFOIL 
FIGURE 1.- AIRFOIL SECTIONS. 
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FIGURE 2, - 157x58 BASE GRID USED I N  COMPUTATIONS, AVERAGE OUTER BOUNDARY DISTANCE 
EQUALS S I X  CHORDS. 
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FIGURE 3. - PREDICTED CL VERSUS E L .  
NACA 0012 AIRFOIL; MINF = 0.70; 
A = 1.49; Re = 9.00~10~. 
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NACA 0012 AIRFOIL; MINF = 0.70: 
A = 1.49: Re = 9.00~10~. 
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FIGURE 5. - PREDICTED CL VERSUS R .  NACA 
0012 AIRFOIL: MINF = 0.70: A = 1.49: 
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FIGURE 6. - PREDICTED CD VERSUS R .  NACA 
0012 AIRFOIL: MINF = 0.70: A = 1.49: 
Re = 9.00~10~. 
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FIGURE 7. - EFFECT OF GRID SPACING NORMAL TO THE 
AIRFOIL SURFACE ON PRESSURE DISTRIBUTIONS, NACA 
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FIGURE 8. - PRESSURE DISTRIBUTIONS ON 
NACA 0012 AIRFOIL. MINF = 0.70: 
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FIGURE 9. - PRESSURE DISTRIBUTIONS ON 
NACA 0012 AIRFOIL. 
A = 9.86 (8.34); Re = 9.00~10~. 
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FIGURE 10. - PRESSURE DISTRIBUTIONS ON 
NACA 0012 AIRFOIL. 
A = 2.86 (2.26): Re = 9.00x10b. 
MINF = 0.!99: 







. 3  
. 2  















0 ANALYSIS , VAR I ABLE 
@, EXPERIMENT 
0 ANALYSIS, TINE 
ACCURATE 
TIME STEP 







. 3  
. 2  











I I I I 
2 4 6 8 10 
ALPHA 
FIGURE 11. - CL VERSUS ALPHA. NACA 0012 
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FIGURE 12. - CL VERSUS CD. NACA 0012 
AIRFOIL: M I N f  = 0.70: Re = 9 . 0 0 ~ 1 0 ~ .  
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FIGURE 13. - CD VERSUS MINF. NACA 0012 
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FIGURE 14. - PREDICTED SHOCK WAVE LOCATION 
VERSUS MINF. 
Re = 9 . 0 0 ~ 1 0 ~ .  
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FIGURE 15. - PREDICTED C L A M  VERSUS MINF. 
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FIGURE 16. - PREDICTED DCL/DA VERSUS MINF. 
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FIGURE 17. - PRESSURE DISTRIBUTIONS ON 
RAE 2822 AIRFOIL. 
A = 2.92; Re = 6.50x10 . 
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FIGURE 18. - DISPLACEPENT THICKNESS ON 
UPPER SURFACE OF RAE 2822 AIRFOIL. 
A = 2.92; MINF = 0.725; Re = 6.50x10 . 6 
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FIGURE 19. - SKIN FRICTION COEFFICIENT ON 
UPPER SURFACE OF RAE 2822 AIRFOIL. 
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FIGURE 20. - VELOCITY PROFILE AT 
X / C  = 0.319. UPPER SURFACE Of 
RAE 2822 AIRFOIL: A = 2.92; 
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f IGURE 21. - VELOCITY PROFILE AT 
X/C = 0.95. 
RAE 2822 AIRFOIL; A = 2.92: 
MINF = 0.725. Re = 6 . 5 0 ~ 1 0 ~ .  
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FIGURE 22. - PRESSURE DISTRIBUTIONS ON RAE 
2822 AIRFOIL. HINF = 0.750; A = 3.19; 
Re = 6 . 2 0 ~ 1 0 ~ .  
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FIGURE 23. - DISPLACEMENT THICKNESS ON UPPER 
SURFACE OF RAE 2822 AIRFOIL. A = 3.19. 
MINF = 0.750, Re = 6 . 2 0 ~ 1 0 ~ .  
t ANALYSIS .0050 .0045 
.0040 I\ A EXPERIMENT 
.MI0 
.0005 A 
0 .2 . 4  .6 .8 1 .o 
W C  
FIGURE 24, - SKIN FRICTION COEFFICIENT ON 
UPPER SURFACE O f  RAE 2822.AIRFOIL. 
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FIGURE 25. - VELOCITY PROFILE AT 
UPPER SURFACE O f  WC = 0.750,  
RAE 2822 AIRFOIL: A = 3.19: 
HINF = 0.750; Re = 6.20~10~. 
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f IGURE 26. - VELOCITY PROFILE AT 
WC = 0.90. 
RAE 2822 AIRFOIL: A = 3.19: 
H I M  = 0.7%: Re = 6.20~10~. 
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FIGURE 27. - SONIC LINE PREDICTION FOR RAE 2822 AIRFOIL. 
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FIGURE 28. - PREDICTED CL VERSUS ALPHA. 
JONES AIRFOIL: MINF = 0.70: 
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FIGURE 29. - PREDICTED CL VERSUS CD. 
JONES AIRFOIL: MINF = 0.70: 
Re = 9.00~10~. 
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FIGURE 30. - PREDICTED CD VERSUS H I E .  
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FIGURE 31. - PREDICTED PRESSURE DISTRIBU- 
TIONS ON JONES AIRFOIL. MINF = 0.75 
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FIGURE 33. - PREDICTED SKIN FRICTION 
COEFFICIENT ON UPPER SURFACE OF JONES 
AIRFOIL. 
Re = 9 .00~10~ .  
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FIGURE 3 4 .  - PREDICTED VELOCITY PROFILE 
AT X/C = 0.6. UPPER SURFACE OF JONES 
AIRFOIL; A = 2.00; MINF = 0.75; 




0 .2 . 4  . 6  . 8  1 .o 
U/U I NF 
FIGURE 35. - PREDICTED VELOCITY PROFILE 
AT X/C = 0.9. 
AIRFOIL; A = 2.00; NINF = 0.75: 
Re = 9.00~10~. 
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FIGURE 36. - PREDICTED PRESSURE DISTRIBU- 
TIONS ON JONES AIRFOIL 6 MINF = 0.85: 
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FIGURE 37. - PREDICTED DISPLACEMENT THICK- 
NESS ON UPPER SURFACE OF JONES AIRFOIL. 6 
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FIGURE 38. - PREDICTED SKIN FRICTION 
COEFFICIENT ON UPPER SURFACE OF JONES 
AIRFOIL. A = 2.00: PlINF = 0.85; 
R e  = 9 . 0 0 ~ 1 0 ~ .  
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FIGURE 39. - PREDICTED VELOCITY PROFILE 
AT WC = 0.6. 
AIRFOIL: A = 2.00: MINF = 0.85: 
Re = 9 . 0 0 ~ 1 0 ~ .  
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FIGURE 40. - PREDICTED VELOCITY PROFILE 
AT WC = 0.9. UPPER SURFACE OF JONES 
AIRFOIL: A = 2.00: HINF = 0.85: 
Re  = 9 . 0 0 ~ 1 0 ~ .  
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